ABSTRACT: Ovarian steroid hormones regulate follicular growth and atresia. This study aims to determine whether key ovarian sterol-regulatory genes are differentially expressed in Hu sheep under different short-term nutritional regimens. Estrus was synchronized using intravaginal progestagen sponges. The ewes were assigned randomly to 3 groups. On d 6 to 12 of their estrous cycle, the control (CON) group received a maintenance diet (1.0 × M), the supplemented (SUP) group received 1.5 × M, and the restricted (R) group received 0.5 × M. On d 7 to 12, blood samples were taken. The sheep were slaughtered at the end of the treatment, and their organs and ovaries were collected. The plasma concentrations of urea (P < 0.01), total cholesterol (P < 0.01), low-density lipoprotein cholesterol (P < 0.01), NEFA (P < 0.01), FSH (P < 0.05), and estradiol (P < 0.05) increased with decreasing dietary intake, whereas plasma triglyceride (P < 0.01) and triiodothyronine (T3) concentrations decreased (P < 0.05). The ewes in the R group had higher spleen weight and percentage of spleen to BW and lower liver and small intestine weights and percentage of liver/stomach to BW than the SUP group ewes (P < 0.05). Nutritional restriction decreased the cytochrome p450 (CYP17A1) and estrogen receptor 1 (ESR1) mRNA expression (P < 0.05) and increased the cytochrome p450 aromatase (CYP19A1) mRNA expression (P < 0.05) in follicles > 2.5 mm. Follicle size affected the mRNA expression of very low density lipoprotein receptor (VLDLR), estrogen receptor 2 (ESR2), FSH receptor (FSHR), CYP17A1, and CYP19A1 (P < 0.05). In conclusion, we suggest that a potential mechanism by which short-term negative energy balance inhibits follicular growth may involve responses to disrupted reproductive hormone concentrations and influenced the intrafollicular expression of CYP17A1, CYP19A1, and ESR1. This result may be due to increased plasma urea and lipid concentrations.
INTRODUCTION
Increasing dietary intake stimulates follicular development and increases ovulation rate in sheep (Munoz-Gutierrez et al., 2002; Viñoles et al., 2005 Viñoles et al., , 2010 . Currently, short-term nutrition is believed to acutely affect folliculogenesis through metabolites and metabolic hormones, such as glucose, insulin, and leptin, that directly act on follicles (Scaramuzzi et al., 2010) . Short-term restriction reduces the volume of follicles > 2.5 mm, and this may involve responses to elevated follicular fluid estradiol, testosterone, and lactate dehydrogenase levels (Ying et al., 2011) . Therefore, the changes in the differential expression of ovarian genes involved in steroid hormone synthesis should be further investigated under different dietary intakes.
Short-term supplementation stimulates ovine follicular development with an increased number of P450 aromatase-positive follicles (Munoz-Gutierrez et al., 2002) and decreased aromatase P450 expression in granulose cells (Gallet et al., 2011) . It also increases the number of follicles positive for IGFBP-2 and mRNA expression and reduces the diameter of follicles positive for IGFBP-2 and the follicular insulin-like growth factor I receptor (IGF-IR) expression (Munoz-Gutierrez et al., 2004) without changing the circulating FSH, estradiol, and progesterone levels (Munoz-Gutierrez et al., 2002; Viñoles et al., 2005) . However, short-term fasting inhibits follicular growth, increases plasma progesterone concentration, and decreases the magnitude of FSH and LH surges in sheep (Kiyma et al., 2004) .
The biosynthesis of steroid hormones depends on the supply of cholesterol substrates to ovarian theca and granulosa cells (Argov and Sklan, 2004) , which are absorbed via scavenger receptor BI (SR-BI), low-density lipoprotein receptor (LDLR), and very low density lipoprotein receptor (VLDLR) from circulating lipoproteins (Miller and Auchus, 2011) . Intracellular cholesterol is transported by steroidogenic acute regulatory protein (STAR) from the outer mitochondrial membrane to the inner mitochondrial membrane and is used to synthesize steroid hormones by steroidogenic enzymes, such as cytochrome p450 aromatase (CYP19A1), cytochrome p450 (CYP17A1), and cytochrome P450scc (CYP11A1; Miller and Auchus, 2011) . We hypothesize that short-term undernutrition inhibits follicular growth by influencing circulating lipid profiles and ovarian expression of sterol-regulatory genes.
In the present study, we investigated the effects of short-term nutrition during the luteal phase on organs weights, plasma lipid, and endocrine profiles and expression of key ovarian sterol-regulatory genes in Hu sheep.
MATERIALS AND METHODS
This research was conducted in accordance with procedures approved by the Guide for the Care and Use of Laboratory Animals prepared by the Ethics Committee of Nanjing Agricultural University.
Animals and Treatments
Eighteen multiparous Hu sheep (BW = 41.1 ± 1.2 kg) of similar age (median age of 3 to 4 yr) and BCS (2.55 ± 0.18; scale 0 = emaciated to 5 = obese; Russel et al., 1969) were synchronized using intravaginal progestagen sponges (30 mg; Pharmp PTY, Herston City, Australia) for 12 d. Estrous behavior was monitored using 3 vasectomized rams at 0800 and 1600 h following the second day of pessary removal. The end of estrous behavior was considered d 0 of the estrous cycle. The control group (CON; n = 6) received a 1.0 × maintenance diet (M; 1,040 g/d, 6.7 MJ/d; Table 1 ; Ying et al., 2011) , whereas the short-term supplemented group (SUP; n = 6) and restricted group (R; n = 6) received 1.5 × M (1,560 g/d, 10.05 MJ/d) and 0.5 × M (520 g/d, 3.35 MJ/d), respectively, from 1600 h of d 6 to 1600 h of d 12 of the cycle. All ewes were slaughtered at 1600 h on d 12 of the estrous cycle. During the experimental period, BCS and BW were measured at pessary insertion, at pessary removal, at the start of differential feeding, and on the day of slaughter. A schematic representation of the experimental design is shown in Fig. 1 .
All ewes were placed in individual pens (1.27 × 2.55 m) and maintained under a natural photoperiod. The mean temperature was 26.5°C ± 0.7°C, 32.1°C ± 1.2°C, and 26.4°C ± 0.6°C inside the barn at 0800, 1400, and 2200 h, respectively. The animals received 2 equal feed allotments at 0900 and 1700 h and were prefed 1.0 × M (Table 1) on the basis of feeding standards for meat-producing sheep and goats (NY/T 816-2004, China) for 7 d (Ying et al., 2011) . Water was available to the sheep ad libitum.
Blood Collection
Upon initiation of the different nutritional treatments, blood samples (n = 5; 5 mL each) for metabolic hormone measurements were collected via the jugular vein at 0900 h (before feeding) and 1600 h of d 7 to 12. Blood samples (n = 5; 3 mL each) were collected at 0500, 0700, and 1100 h for FSH and estradiol measurements and at 0600, 0800, 1000, 1200, and 1400 h for urea and lipid profile measurements on d 7, 8, 10, and 12 of the cycle. The blood samples were immediately placed in heparinized tubes, maintained on ice, separated through 10 min of centrifugation at 1,207 × g at 4°C, and stored at -20°C.
Organ Weights
Immediately after slaughter, organs, including liver and spleen, were removed from the body cavity and weighed. The stomach, small intestine, and large intestine were weighed before and after being emptied of their contents, respectively. The ruminal and intestinal content mass was calculated. The hot carcass was also weighed.
Collection and Dissection of Ovaries
The procedures for collecting and dissecting ovaries were used with minor modifications (Ying et al., 2011) . The ovaries (n = 36) were collected within 5 min of death and were placed in ice-cold Dulbeccos PBS (D-PBS; Invitrogen 14190250; China). Corpora lutea (CL) and visible follicles > 1.0 mm were dissected from the ovarian stroma using fine scissors and fine-toothed dissecting forceps, and they were placed in D-PBS in a sterile plastic petri dish. Follicular diameter was measured using a graph paper grid (nearest millimeter). The follicles were then grouped by size into 4 classes (1.0 to 2.0 mm, 2.0 to 2.5 mm, 2.5 to 3.5 mm, and ≥3.5 mm) for follicle count and follicular fluid volume analysis. These data were reported in a previous publication (Ying et al., 2011) . Each follicle was hemisected in a 24-well sterile cell culture plate (Nest Biotech Co., Ltd., Wuxi, China) containing 1 mL of sterile D-PBS. The D-PBS containing the follicular tissue and fluid was then placed in a 1.5-mL microtube and centrifuged at 17,979 × g at 4°C for 10 min. Following centrifugation, the supernatant containing diluted follicular fluid was transferred into another 1.5-mL microtube and stored at -20°C. The CL and isolated follicles without follicular fluid were flash-frozen in liquid nitrogen.
Metabolite and Hormone Assays
All kits used for metabolites and hormone assays were commercially available diagnostic products for humans.
Metabolite Analyses
Urea, total cholesterol (TCHO), low-density lipoprotein cholesterol (LDLC), and plasma triglyceride (TG) concentrations were measured using the ureaseglutamate dehydrogenase coupling (UV-GLDH), cholesterol oxides-peroxidase (CHOD-PAP), direct, and glycerol phosphate oxidase-peroxidase (GPO-PAP) methods (diagnostic kit; Shanghai Kehua Bio-engineering Co., Ltd, Shanghai, China), respectively, on a clinical chemistry analyzer (Selectra E; Vital Scientific N.V., Dieren City, Netherlands) according to the manufacturer's instructions. The intra-assay CV were all <6%. The interassay CV were all <15%.
The NEFA concentration was analyzed colorimetrically using commercially available kits (A042; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The intra-assay CV was <10%. The interassay CV was <15%, and the limit of sensitivity for the NEFA assay was 0.04 mmol/L.
Hormone Analyses
Estradiol was analyzed through an equilibrium competitive RIA using a commercial kit (Iodine [ 125 I] Estradiol Radioimmunoassay Kit; Beijing Furui Bio-Tech Co., Ltd, Beijing, China). According to the manufacturer, the sensitivity of the assay was 0.5 pg/mL. The intraassay CV was <10%, and the interassay CV was <15%.
The concentrations of FSH (B03PZB), C-peptide (C-P; F04PZB), prolactin (PRL; B03PZB), and GH (B18PZB) were measured through a competitive RIA using a commercial kit (Diagnostic Product, Beijing North Institute of Biological Technology, Beijing, China). According to the manufacturer, the sensitivities of the assays were <1.0 mIU/mL, 0.1 ng/mL, ≤40 μIU/mL, and ≤0.5 ng/mL, respectively. The intra-assay CV were all <10%, and the interassay CV were all <15%.
Thyroxine (T4; A02PZB) and triiodothyronine (T3; A01PZB) concentrations were measured through an equilibrium competitive RIA using a commercial kit (Diagnostic Product, Beijing North Institute of Biological Technology, Beijing, China). According to the manufacturer, the sensitivities of the assays were 5 and 0.2 ng/mL, respectively. The intra-assay CV were all <10%, and the interassay CV were all <15%.
Reverse Transcription and Quantitative PCR
Total RNA was isolated from groups of follicles with diameters ranging from 1.0 to 2.0 mm (n = 13) and from 2.0 to 2.5 mm (n = 11) and individual follicle > 2.5 mm (n = 25) and CL (n = 20) using the High Pure RNA Tissue Kit (Roche Diagnostics, Shanghai, China) according to the manufacturer's protocol. All RNA samples were treated with DNase I digestion to avoid genomic DNA contamination and were reverse transcribed using PrimeScript RT Master Mix (TaKaRa Biotechnology, Dalian, China). Real-time PCR assessment was performed in an ABI 7300 Sequence Detection System (Foster City, CA) programmed to conduct 40 cycles (95°C for 15 s, 60°C for 30 s, and 72°C for 30 s). The specific primers (Table 2) used for estrogen receptor 1 (ESR1), estrogen receptor 2 (ESR2), CYP19A1, and STAR genes have been described previously (Drouilhet et al., 2010) , and the others were designed using Primer Premier software 5 (Premier Biosoft International; Palo Alto, CA). Efficiency curves were generated through serial dilutions of cDNA in the abscissa and the corresponding cycle threshold (Ct) in the ordinate (Table 2) . Each sample was assayed in triplicate with 0.6 μL (10 mM) of each primer, 1 μL of cDNA, and 10 μL FastStart Universal SYBR Green Master (ROX; Roche Diagnostics) in a total reaction volume of 20 μL. Relative differences in the target gene were determined according to the ratio [E β-actin Ctβ-actin /E target Cttarget ], where amplification efficiency (E) was calculated from the formula E = e (-1/slope) expressed as a percentage (Drouilhet et al., 2010) .
Statistical Analysis
The data are presented as means ± SEM. Statistical analyses were performed using the SPSS statistical software program (version 13.0; SPSS Inc., Chicago, IL). The data were analyzed for normality using the Kolmogorov-Smirnov goodness-of-fit test. Data that did not follow a normal distribution were analyzed using an equivalent nonparametric test.
The linear mixed model was performed for comparison using Bonferroni correction to analyze repeated measurements, including plasma hormones and metabolite concentrations. The model included the fixed effects of treatment, day, and their interactions. The data for BW and BCS were analyzed using covariance with covariates of averaged preexperimental weights and body condition, respectively. The data for follicles ≤ 2.5 mm or > 2.5 mm in diam., CL, organ weight, BW, and BCS at slaughter were analyzed for treatment effect using 1-way ANOVA. Post hoc differences between treatment groups were further analyzed using Tukey's test. The data for follicles ≤ 2.5 mm and > 2.5 mm in diam. for each treatment group were analyzed using an independent sample t test. A 2-way ANOVA was performed using nutrients as 1 variable and follicle size as another variable to study the nutritional and follicle size treatment effects.
RESULTS

Live Body Weight and Body Condition Score
No significant differences in BW and BCS were observed among different treatments during the preex- perimental period (Table 3) . However, the BW of the SUP group was greater (P < 0.05) than the R group because of the increased ruminal and intestinal contents (R group: 1.57 ± 0.10 kg; CON group: 1.76 ± 0.05 kg; SUP group: 2.00 ± 0.15 kg).
Organ Weight
Liver weight, percentage of liver/stomach to BW, and small intestine weight decreased (P < 0.05) with decreasing dietary intake. However, spleen weight and percentage of spleen to BW increased (P < 0.05; Table 4 ).
Plasma Urea and Lipids Profile
Plasma urea, NEFA, TCHO, LDLC, and TG concentrations are shown in Fig. 2 . The R group ewes had higher plasma NEFA, TCHO, and LDLC concentrations and lower plasma TG concentrations than the CON and SUP group ewes during the experimental period (P < 0.01). The R group ewes had higher plasma urea concentration than CON and SUP group ewes on d 7 (P < 0.01 and P < 0.001) and on d 8 (P < 0.05 and P < 0.01), whereas similar concentrations were observed on d 10 and 12.
Plasma Hormones Concentrations
Plasma T3, T4, C-P, GH, PRL, FSH, and estradiol concentrations are shown in Table 5 . The T3 concentration increased with increasing plane of nutrition (P < 0.01; Fig. 3 ). The SUP group ewes had higher T3 concentrations than the R group ewes (P < 0.01). Although T4/T3 was not significantly influenced, T4/T3 decreased with increasing plane of nutrition (P = 0.057). The R group ewes had higher FSH and estradiol concentrations than the SUP group ewes (P < 0.05: Fig. 3 ).
Follicular Gene Expression
The mRNA abundance of lipoprotein receptors (LDLR, VLDLR, and SR-BI), gonadotropin receptors [FSH receptor (FSHR) and LH receptor (LHR)], steroidogenic genes (STAR, CYP19A1, CYP11A1, and CYP17A1), and estrogen receptors (ESR1 and ESR2) in both follicles and CL are illustrated in Fig. 4 . The LDLR, VLDLR, SR-BI, STAR, and CYP11A1 messages were expressed in CL; however, they were not affected by undernutrition. As expected, CYP19A1 and CYP17A1 were expressed in follicular cells. Among the steroidogenic markers, only CYP19A1 and CYP17A1 were affected by nutrition. Undernutrition significantly decreased the expression of ESR1 and CYP17A1 (P < 0.05) but increased that of CYP19A1 (P < 0.05) in follicles > 2.5 mm. Follicle size affected the mRNA expression of VLDLR, ESR2, FSHR (P < 0.05), CYP17A1, and CYP19A1 (P < 0.01).
DISCUSSION
Acute metabolic states regulated by a series of metabolic hormones maintain whole-body nutrient homeostasis. Short-term overnutrition or undernutrition during the luteal phase influences subsequent follicular growth without changing live body weight. The current theory is that metabolites and metabolic hormone act as signals directly on follicles to regulate folliculogenesis through specific ovarian receptors (Scaramuzzi et al., 2006) . Six days of undernutrition during the luteal phase inhibited follicular growth caused by the perturbed intrafollicular endocrine microenvironment in late-stage follicles, which is associated with acute decreases in the circulating concentrations of glucose, insulin, and glucagon (Ying et al., 2011) . In the present study, we further investigated the effects of short-term nutrition during the luteal phase on organ weights, plasma lipid, and endo- 1 Treatment: R = restricted group (0.5 × maintenance); CON = the control group (1.0 × maintenance); SUP = the supplemented group (1.5 × maintenance). crine profiles and the expression of ovarian key sterolregulatory genes in Hu sheep. Our results show that the inhibited follicular growth caused by decreased nutrition may be due to increased plasma concentrations of urea, NEFA, LDLC, and TCHO and decreased plasma concentrations of TG and T3. Circulating urea has been negatively associated with fertility. (McEvoy et al., 1997; Fahey et al., 2001; Ferreira et al., 2011) , except for Westwood et al.'s (1998) study. The detrimental effects on reproduction may be mediated in part through the direct effect of urea on the nuclear and cytoplasmic development of the follicle-enclosed oocyte (Santos et al., 2009; Ferreira et al., 2011) . Moreover, urea N is associated with steroidogenesis. Feeding a higher level of dietary CP decreases circulating progesterone level (Jordan and Swanson, 1979; Sonderman and Larson, 1989) , increases the basal serum LH level, and has an elevated response to GnRH, which is associated with higher preconception cycle and conception cycle (Jordan and Swanson, 1979) . Plasma urea and lipids profile concentrations during the feeding phase after the start of nutritional treatments. The restricted group ewes were fed 0.5 × maintenance diet (R; diamonds; n = 6), control group ewes were fed a maintenance diet (C;squares; n = 6), and supplemented group ewes were fed 1.5 × maintenance diet (S; triangles; n = 6). TCHO = total cholesterol; TG = triglyceride; LDLC = low-density lipoprotein cholesterol. Values are means ± SEM. A = significant treatment effect (P < 0.01); B = significant time effect (P < 0.01); b = significant time effect (P < 0.05); c = significant treatment by time effect (P < 0.05).
Increased plasma NEFA concentration is characteristic of negative energy balance, which is associated with a decline in the fertility of goats (Tanaka et al., 2004 ) and dairy cows (Bender et al., 2010) . In vitro, NEFA significantly reduces the developmental potential of oocytes after maturation (Jorritsma et al., 2004) . Furthermore, elevated NEFA levels have a detrimental effect on both bovine (Vanholder et al., 2005) and human (Mu et al., 2001 ) granulosa cell proliferation, which is likely due to the inhibition of steroid production. Circulating urea and NEFA concentrations are reflected in follicular fluid and may affect the quality of both the oocyte and the granulosa cells (Leroy et al., 2004) . Undernutrition may inhibit follicular development by increasing the number of apoptotic granulosa cells of follicles and/or increasing follicular fluid estradiol levels (Ying et al., 2011) . Thus, we further propose that the increased concentrations of circulating urea and NEFA in restricted ewes may directly perturb oocyte development and granulosa cell apoptosis and indirectly affect steroidogenesis.
Cholesterol is an important precursor of sex steroid hormones, such as progesterone, estrogens, and testosterone in mammals (Rabiee and Lean, 2000) . An in vitro study showed that cholesterol is required as a progesterone precursor for maintaining high-level steroidogenesis during the long-term culturing of luteal cells (Arikan et al., 2010) . Steroid synthesis in luteal cells requires cholesterol, which is produced from de novo cellular synthesis or plasma lipoproteins (Rung et al., 2005) . However, most of the cholesterol for luteal steroid synthesis comes from extracellular sources transported by high-density lipoproteins (HDL) and low-density lipoproteins (LDL; Azhar et al., 2003) . Circulating TCHO The restricted group ewes were fed 0.5 × maintenance diet (R; diamonds; n = 6), control group ewes were fed a maintenance diet (C; squares; n = 6), and supplemented group ewes were fed 1.5 × maintenance diet (S; triangles; n = 6). A = significant treatment effect (P < 0.01); B = significant time effect (P < 0.01); C = significant treatment by time effect (P < 0.01); a = significant treatment effect (P < 0.05); b = significant time effect (P < 0.05).
concentration is reflected in the follicular fluid of large follicles (Leroy et al., 2004 ). In the current study, the R group had increased plasma cholesterol concentrations. Thus, the ovaries might receive sufficient cholesterol substrates during the restriction period for the biosynthesis of steroid hormones, although ovarian LDLR, VLDLR, and SR-BI mRNA expression was not affected.
Follicles sequentially become more sensitive to gonadotropins during development (Webb et al., 1999) . Proper estradiol concentration promotes follicular development and inhibits granulosa cell apoptosis (Rosenfeld et al., 2001) . Sufficient exposure of antral follicles to FSH is critical for preventing the follicular atresia (Chun et al., 1996; Kaipia and Hsueh, 1997) . Ewes with a high body condition have a higher number of gonadotropindependent follicles, which are accompanied by lower estradiol and higher FSH concentrations during the follicular phase, than ewes with a low body condition (Viñoles et al., 2002) . Pituitary content of LH and FSH tends to be lower in fasted ewes (Alexander et al., 2007) , and the effect of negative energy balance on reproduction primarily occurs at the hypothalamic-pituitary level of reproductive control (Wade and Jones, 2004 ). In the current study, the circulating FSH and estradiol levels all increased in the diet-restricted ewes. Following previous reports that restriction increases the intrafollicular estradiol level (Ying et al., 2011) , we propose that 6 d of undernutrition during the luteal phase perturb the negative feedback between the ovary and the pituitary gland.
In accordance with previous studies (Viñoles et al., 2005; Somchit et al., 2007) , short-term supplementation did not influence the plasma FSH and estradiol levels. However, acute fasting during the luteal phase perturbs progesterone concentration and the magnitude of the preovulatory LH (Kiyma et al., 2004; Alexander et al., 2007) . The gastrointestinal tract and liver may be important steroid hormone-metabolizing organs (MartosMoreno et al., 2010; Wang et al., 2013) . The amount of feed intake consumed is inversely associated with an elevated mean blood flow through the liver in ruminants (Parr et al., 1993; Freetly and Ferrell, 1994; Sangsritavong et al., 2002) and pigs (Prime and Symonds, 1993; Miller et al., 1999) , which is associated with an increased metabolic clearance rate (MCR) of sex steroid hormones. Thus, circulating steroid hormones concentrations may have been influenced by greater blood flow as a result of increased nutritional stimulation (Parr et al., 1993; Sangsritavong et al., 2002) . Nutritional restriction increases the follicular fluid estradiol concentration in the luteal phase (Ying et al., 2011) . In the present study, the circulating FSH and estradiol concentrations gradually increased as the nutritional intake decreased, and weights of liver, stomach, small intestine, and large intestine decreased and spleen weight increased with decreasing dietary intake. Thus, feed intake may significantly affect the plasma concentrations of steroidal sex hormones in a dose-dependent manner due to MCR.
The importation of lipoprotein cholesterol for LDLC and high-density lipoprotein cholesterol is mediated by specific membrane receptors in follicular cells, such as LDLR, VLDLR, and SR-BI (Argov and Sklan, 2004; Miranda-Jimenez and Murphy, 2007) . Intracellular cholesterol is transported from the outer mitochondrial membrane to the inner mitochondrial membrane by STAR and is then converted into pregnenolone by CYP11A1. The luteal phase is characterized by the rapid development of the CL along with a large-scale increase of progesterone (Miranda-Jimenez and Murphy, 2007) . Expression of SR-BI is upregulated with CL development in rats (Li et al., 1998), pigs (Miranda-Jimenez and Murphy, 2007) , and cows (Argov and Sklan, 2004) and takes part as a mediator of luteolysis in the primate CL (Bogan and Hennebold, 2010) . The HDL pathway appears to predominate in the CL of rodents, and it is the major pathway for importation in follicular cells (Jimenez et al., 2010) . In the current study, FSHR, LHR, LDLR, VLDLR, SR-BI, STAR, and CYP11A1 in follicular and CL tissues were unaffected by nutritional treatment; however, LDLR, VLDLR, SR-BI, STAR, and CYP11A1 genes were preferentially expressed in the CL compared with the follicles. Because expression in both follicles and CL of these genes was unaffected by nutritional treatment, adequate cholesterol uptake for progesterone synthesis during the luteal phase likely occurred.
Androgens, which are synthesized by primary thecal cells, diffuse into the granulosa cells, where they act as hormones to augment FSH induction of the estrogenic enzymes and as immediate substrates for conversion into estrogens (Arakawa et al., 1989 ). In the current study, nutritional restriction increased CYP19A1 expression, which is associated with estradiol secretion, and decreased the CYP17A1 expression associated with androgen secretion in follicles > 2.5 mm. This observation confirms that granulosa cell-derived estrogens directly mediate a short intrafollicular feedback loop to negatively modulate thecal cell steroidogenesis (Arakawa et al., 1989) . Estrogen also inhibits CYP17A1 gene expression through ESR1 in mouse ovaries (Couse et al., 2006; Taniguchi et al., 2007) . However, ESR1 expression decreased in the nutritionally restricted ewes. Thus, nutritional restriction inhibits follicular growth through the action of ESR1 on an intrafollicular feedback loop in late-stage follicles.
In conclusion, a potential mechanism by which shortterm negative energy balance inhibits follicular growth may involve suppression of follicular expression of CY-P17A1 and ESR1 and stimulation of CYP19A1 expression in late-stage follicles, which are associated with increased plasma urea, TCHO, LDLC, and NEFA concentrations.
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